ABSTRACT To develop techniques for studying transport properties and secretory function of selected cell types in the gastric mucosa, separated fractions of dispersed canine fundic mucosal cells were placed in short-term culture to form epithelial monolayers. Cell fractions enriched in either chief, parietal, or mucous cells were prepared by using counterflow centrifugation and were plated on type I collagen. An epithelial monolayer formed by ==36 hr. Immunofluorescence with an antipepsinogen I antibody revealed pepsinogen-containing granules in >95% of the cells, regardless ofwhether the monolayers were formed from the mucous, chief, or parietal cell-enriched fractions. Upon achieving confluency, chief cell monolayers were mounted in Ussing chambers to study their electrical properties. Under basal conditions, monolayers (n = 6) had a spontaneous potential difference (PD) (±SEM) of 26 ± 4 mV (apical surface negative), a short-circuit current (Isc) (±SEM) of 16 ± 2 ,LA/cm2, and a transepithelial resistance (R) (± SEM) of 1,480 -210 fl-cm2 Histamine increased the short-circuit current, an effect blocked by an H2-receptor antagonist. Seventy percent of the spontaneous PD was amiloride sensitive, suggesting sodium absorption accounted for a major component of the PD. These preparative techniques yield highly enriched chiefcell monolayers, which maintain morphological and functional cellular differentiation for >48 hr in culture, thus allowing study oforiented functions ofa selected cell type. The present studies indicate that an H2 receptor enhances electrogenic ion transport in chief cell monolayers, indicating that histamine can act on fundic mucosal cells other than just parietal cells.
the short-circuit current, an effect blocked by an H2-receptor antagonist. Seventy percent of the spontaneous PD was amiloride sensitive, suggesting sodium absorption accounted for a major component of the PD. These preparative techniques yield highly enriched chiefcell monolayers, which maintain morphological and functional cellular differentiation for >48 hr in culture, thus allowing study oforiented functions ofa selected cell type. The present studies indicate that an H2 receptor enhances electrogenic ion transport in chief cell monolayers, indicating that histamine can act on fundic mucosal cells other than just parietal cells.
The characterization of transport properties of selected cell types in tissues with heterogeneous cell populations such as the gastric mucosa is ofgreat interest to epithelial physiologists. The gastric mucosa has two types of mucous cells-surface mucous cells that line the lumen of the stomach and mucous neck cells that occupy the upper portion of the gastric glands. The gastric glands, found in the fundic region ofthe stomach, are composed primarily of the acid-secreting parietal cells and the chief cells, which secrete the acid protease pepsin. Elucidation of the role ofspecific cell types in the varied functions ofthe gastric mucosa has proven to be a difficult problem. The difficulty has been encountered not only because of the cellular heterogeneity of the mucosa but also because the regulatory pathways that modulate cell function are quite complex, with many ofthe chemical transmitters involved present within the mucosa itself. Thus, the cellular mechanisms regulating ion transport, the secretory function ofparietal, chief, mucous, and endocrine cells, and the mechanisms involved in gastric mucosal defense against ulcer formation have not been clarified in studies with intact mucosa.
Tissue dispersion and cell separation techniques (1, 2) circumvent some of the problems that result from the heterogeneity of cell types and the effects of mucosal regulatory pathways. However, dispersed cells do not allow delineation of oriented processes of specific cell types, such as ion transport. Furthermore, probably as a result of the loss ofcellular polarity upon dispersion and the trauma of the separation procedure itself, the function of secreting cells-such as the chief cell-is markedly impaired.
The present techniques were adapted from those used for the establishment of polarized monolayers from existing cell lines (3) (4) (5) (6) and from primary cultures that used cells isolated from mouse mammary gland (7) and rat lung (8) . To allow study of oriented cell processes and to permit the mucosal cells to recover cellular polarity and functional integrity, we sought culture techniques allowing formation of monolayers enriched in a given cell type. The methods developed allow preparation of monolayers highly enriched in chief cells. We have found that histamine increases the short-circuit current (I,,) in these monolayers.
METHODS AND MATERIALS
Cell Dispersion and Separation. Cells were dispersed from adult canine fundic mucosa by using techniques adapted from those previously described (1, 2) . After blunt separation from the submucosa, the mucosa was placed in Hank's balanced salt solution (Irvine Scientific, Santa Ana, CA) with 10 mM Hepes (Calbiochem), 0.1% bovine serum albumin (Reheis, Phoenix, AZ), and penicillin and streptomycin, each added at 100 tkg/ ml. The mucosa was not scraped to avoid damage to the surface epithelial cells. Tissue was chopped into --'4-mm2 pieces by using scalpels. The mucosa was dispersed by using the sequential exposure to crude collagenase I (Sigma) and EDTA (1, 2) and cell suspensions then were combined, filtered, and centrifuged. Although no attempt was made to decrease the bacterial contamination ofthe mucosa at the start ofthe procedure, sterile techniques were used subsequently. All procedures were carried out in a laminar flow hood. Media were sterilized by filtration. Instruments and other laboratory ware were autoclaved and collagenase was sterilized by exposure to 6,000 rads (1 rad = 0.01 gray) of y-radiation (6Co) delivered over 3 min by using a Gammacell 220 irradiator (Atomic Energy of Canada, Ottawa, ON, Canada).
Cell separation was performed with a Beckman elutriator rotor (JE-6). This technique separates cells on the basis ofvarying sedimentation velocity, which is proportional to the square of the cell radius. The rotor was sterilized by flowing 70% ethanol through the chamber and tubing for 15 min. Fractions Abbreviations: I, short-circuit current; R, resistance; PD, potential difference; PAS, periodic acid-Schiff reagent. * Present address: Dept. of Surgery B, Hadassah Univ. Hospital, 91120 Jerusalem, Israel. t To whom reprint requests should be addressed.
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were collected according to the following protocol. Flow rates for fractions 1-9 were 20.1, 20.1, 20.1, 22.5, 29.0, 34.4, 44.0, 61.0, and 100.0 ml/min, respectively. Centrifuge speed was 2,800 rpm for fraction 1; 2,300 rpm for fraction 2; 2,100 rpm for fraction 3; and 2,000 rpm for fractions 4-9.
Cell Culture. Fractions enriched in either chief, mucous, or parietal cells were plated onto polymerized type I collagen in 24-mm tissue culture wells at a density of =4 x 106 cells per ml in 1.5 ml of medium. Either rat tail collagen (9) or a commercially produced bovine skin collagen (Vitrogen 100, Collagen, Palo Alto, CA) was used as a substrate. Cultures were incubated at 370C in humidified 95% air/5% CO2. In the initial studies, Waymouth's medium MAB 87/3 (Irvine Scientific) was used, supplemented with 10% newborn calf serum, hydrocortisone at 1 jig/ml, 0.1 nM thyroxin, 1 nM pentagastrin, 10 mM L-glutamine, gentamicin at 100 jig/ml, and penicillin at 100 ,ug/ ml. Later studies used a simplified medium composed of Dulbecco's modified Eagle's and Ham's F-12 media (Irvine Scientific) (1:1), supplemented with hydrocortisone at 1 4g/ml, insulin at 8 ,ug/ml, gentamicin at 100 ,ug/ml, and 10% newborn calf serum. No differences were apparent between these media in subsequent electrophysiological and secretory studies.
Mucous cell-enriched fractions (4 and 5, Fig. 1 ) and chiefcellenriched fractions (6 and 7, Fig. 1 Pepsinogen Assay. Pepsinogen content of cells or medium was determined as the acid protease activity by using hemoglobin as a substrate and hog pepsin as the standard (11) .
Electrophysiological Studies. Membranes were mounted in Ussing chambers between plastic inserts with an aperture of 0.635 cm2. Nitex nylon cloth (240 ,um) was used for mechanical support and silicon vacuum grease was applied to minimize edge damage. Bathing solutions (135 mM Na+/5 mM K+/1.5 mM Ca2e/l mM Mg2+/145 mM Cl-/5.5 mM glucose/10 mM Hepes) were maintained at 37°C and were bubbled with humidified air. Transepithelial electrical potential difference (PD) was measured by two saturated calomel electrodes and current was applied by AgCl/Cl electrodes, both through 3 M KCI/ 4% agar bridges. ISC was determined by voltage clamp tech- niques. Resistance (R) was determined from Ohm's law by measuring voltage deflection resulting from a 10-ptA pulse in opencircuit mode or by passing pulses of ±5 mV in the voltage clamp mode.
Data are expressed as the mean ± SEM, with n equal to the number of separate cell preparations and not to the individual monolayers studied. Statistical significance of differences between means was assessed by paired analysis with Student's t test.
RESULTS
The distribution of mucous, chief, and parietal cells in the elutriator separation is indicated in Fig. 1 . In four separate preparations, the mean enrichment of mucous cells, identified as small cells with dense mucous granules stained magenta with PAS, was 42% in fractions 4 and 5 (Fig. 1) . The peak content of parietal cells, identified as the large cells with central nuclei and light pink cytoplasm, was 57% in fractions 8 and 9 (Fig. 1) . Chief cells were identified by three methods: PAS, immunofluorescence staining, and pepsinogen content (Fig. 1) . On PAS-stained slides, chief cells were evident as medium-sized, granulated cells with excentric nuclei and no Schiff-reactive color. The antipepsinogen I antibody produced a distinctive staining pattern with granules evident in most positively stained cells (Fig. 2) , whereas no cells stained with antibody that was preabsorbed with pepsinogen. Chief cells, by immunofluorescence and on the PAS slides, were maximally enriched in fractions 6 and 7, accounting for -70% of the cells present in these fractions (Fig. 1) . The distribution of pepsinogen content also indicated a maximal value in fractions 6 and 7. Pepsinogen content in fractions 4 and 5 was lower than expected, based on the number ofchiefcells indicated by immunofluorescence or PAS counts (Fig. 1) , whereas the cellular pepsinogen content in fractions 8 and 9 was higher than expected from the number ofchief cells. The pepsinogen content per 106 chief cells was roughly estimated to be 39 Ag in fraction 4, 76 pug in fraction 6, and 187 tkg in fraction 8. These estimates are consistent with the expectation that chief cells are separated by size when using the elutriator, with the pepsinogen content varying with the size of the chief cell.
Monolayers plated from all fractions were studied histologically. Monolayers of epithelial cells formed over the collagen gels from fractions 4 and 5 and 6 and 7 by =36 hr. Immunofluorescence of the monolayers derived from fractions 4 and 5 indicated that 96 + 1% (n = 3) of the cells contained granules that stained positively with antipepsinogen I antibody (Fig. 2) . In sections of monolayers an occasional cell was present with cytoplasmic inclusions that stained densely positive with PAS; however, such cells represented <1% of the total cells. In the monolayers derived from fractions 6 and 7, 96 ± 1% (n = 4) of the cells had granules that stained for pepsinogen I. Although mucous neck cells from human tissue can show some specific immunofluorescence with antipepsinogen I-antibody (12) , in sections of intact canine fundic mucosa the antipepsinogen I antibody stained only chief cells (data not illustrated). Monolayers also formed from parietal cell-enriched fractions. However, differentiated parietal cells were not present and immunofluorescence ofthese fractions also revealed that >95% ofthe cells present contained pepsinogen granules. Parietal cells with well-preserved ultrastructural differentiation were present in the medium from the cultures at 24 and 48 hr.
Electron micrographs demonstrated polarized cells, with sparse microvilli evident at the apical surface (Fig. 3) . Tight junctions were observed between cells and secretory granules that were indistinguishable from chief cell granules (13) which were present within the cells. Less-dense, vacuole-like areas probably represented accumulations ofglycogen, although confirming histochemical studies have not been done. No fibroblasts were observed in any of the cultures examined and no basal lamina was present.
Electrophysiological studies were done on monolayers formed from fractions 4 and 5. Electrical parameters of monolayers mounted in Ussing chambers stabilized after 30-60 min and remained stable for 4-6 hr. The bathing solutions could be changed several times without a deterioration in R. In six preparations of chief cell monolayers derived from fractions 4 and 5, basal R was 1,480 ± 210 f1.cm2, ISC was 16 ± 2 WA/cm2, and PD (apical surface negative) was 26 ± 4 mV (Fig. 4) . In these monolayers, histamine induced a transient increase in ISC which reached a peak after 12 min and remained elevated above prestimulated values for =40 min [20 ± 2 ,uA/cm2 (P < 0.001)]. However, R did not change and consequently, the PD increased to 31 ± 4 mV (P < 0.001, Fig. 4 ). In four preparations in which chief cell monolayers were treated with cimetidine, the histamine-induced increase in ISC was blocked (Fig. 5) . Interestingly, in these four consecutive preparations after treatment with cimetidine and histamine, R increased from 1,460 ± 200 to 1,720 ± 230 f cm2 (P < 0.02) and consequently, the PD rose from 21 ± 4 to 24 ± 5 mV (P < 0.02, Fig. 5 ). These data suggest the possibility that histamine also may induce a rise in resistance, but this effect has not been consistently evident in all preparations, and further studies are necessary to clarify histamine effects on resistance.
In monolayers from eight different preparations, 10 ,uM amiloride decreased ISC from 24 ± 3 to 5.7 ± 0.8 AA/cm2, de- creased PD from 27 ± 3 to 8 ± 1 mV, and increased R from 1,200 ± 140 to 1,500 ± 140 fQ cm2. Thus, most of the spontaneous electrical activity can be accounted for by amiloride-sensitive ion transport. However, histamine stimulation was not decreased in the presence of amiloride. In five experiments, the increase in ISC 12 min after histamine addition was 2.8 ± 0.7 pA/cm2, whereas in five separate amiloride-treated monolayers, AISC with histamine was 2.6 ± 0.5 pA/cm2. DISCUSSION The goal at the outset of these studies was to form monolayers from fractions enriched in either mucous, chief, orparietal cells. Cell separation was performed by using the elutriator rotor and fractions that were enriched in each of these cell types were prepared and plated on a bed oftype I collagen. However (1982) but, instead, remained viable and morphologically differentiated in suspension. The present approach rests upon the remarkable ability of epithelial cells, after dispersion and cell separation, to regain morphological and functional polarity upon reestablishing cellto-cell connections. Tight junctions were observed in electron micrographs at the margins ofthe cells. Functional polarity was evidenced by the generation of a PD, with apical side negative and a magnitude similar to that found in intact canine mucosa (14) . The values measured for R and ISc correspond well with those reported for intact canine fundic mucosa in vitro, when corrected for surface area (14) . The high R found indicates that these monolayers are indeed "tight," as expected for gastric mucosa.
These studies differ from previous efforts in that a selected cell type presently isolated from a complex adult mammalian tissue has retained distinctive functional properties in shortterm culture. In previous studies the electrochemical properties of monolayers in culture have been characterized for continuous cell lines derived from dog kidney (3, 4) , pig (5), and amphibian urinary bladder (6) and for primary cultures from dispersed mouse mammary glands (7) . Monolayers have been formed previously from dispersed, unfractionated rabbit gastric mucosal cells (15) , although fetal tissue was used to avoid the problems with bacterial contamination encountered when using adult gastric mucosa. In contrast to the present results, these monolayers mounted in Ussing chambers produced a PD of 13 mV and a R of 285 flcm2, and no response to histamine was found. In the present studies the elutriator rotor, by virtue of drastically decreasing the bacterial content during the initial wash, allowed use of adult, nonsterile tissue. The absence of fibroblasts in the cultures may reflect removal during elutriation.
The preservation of differentiated epithelial cell structure and function is critical to the present approach. With the present techniques the monolayers derived from fractions that were enriched in chief cells retained secretory granules and >95% of the cells contained granules that stained positive with antipepsinogen I antibody. These monolayers retain pepsinogen for at least 72 hr and, in contrast to freshly dispersed chief cells, secrete pepsinogen in response to treatment with the cholinergic agents secretin and dibutyryl cyclic AMP (16), indicating preservation or recovery of specialized cellular function in short-term culture (or both). In parallel studies somatostatin cells from the canine fundic mucosa that were cultured under similar conditions for 48 hr also display a marked secretory response to several stimuli (17) .
We find a distinct electrical response to histamine in chief cell monolayers. Histamine induced a transient increase in electrogenic ion transport, evidenced by the change in ISC and an increase in PD but no change in R. The absence of any change in R was surprising because the histamine-induced increase in electrogenic ion transport, by opening additional conductive pathways, would be expected to decrease R. Therefore, histamine may have more than one effect on these monolayers. Pretreatment with cimetidine blocked the effect of histamine on electrogenic transport but revealed a possible increase in R. The absence of a change in R after histamine treatment alone may reflect counterbalancing effects of an increase in electrogenic ion transport and direct enhancement in R; however, this latter observation requires further confirmation.
In summary, this approach permits study of oriented functions of selected cell types from a heterogenous tissue. By the present techniques we have been able to obtain chiefcell monolayers with a practically homogenous (96%) cell population and morphological and functional differentiation that is preserved for at least 72 hr. Although the only well-defined actions of histamine in the fundic mucosa are stimulation of acid secretion by parietal cells and vasodilatation ofsubmucosal arterioles. (18), we have demonstrated in these studies that histamine acts onchiefcells as well. The physiological and pathophysiological importance of these additional actions of histamine in the gastric mucosa remains to be elucidated.
